The retention mechanism in reversed-phase liquid chromatography (RPLC) and in hydrophilic interaction liquid chromatography (HILIC) have been investigated by examining the temperature dependence of retention of the chosen phenolic acids on two columns modified by hydrosilated silica -hydrosilated silica column, Diamond hydride column, cholesterol column and C 18 bidentate column. The linear dependences of retention on temperature were observed in the HILIC as well as in the RPLC on all columns tested. Van't Hoff equation was applied to describe the retention mechanism thoroughly, and its slopes and intercepts were used for calculations of thermodynamic constants for the transfer of a solute from the mobile phase to the stationary phase (ΔH 0 and ΔS 0 ).
INTRODUCTION
Nowadays, the interest in separation of strongly polar compounds of natural or synthetic origin is rapidly increasing. Separation of many polar compounds in HPLC is difficult because those compounds are too weakly retained in LC reversed-phase RPLC, but too strongly in a non-aqueous normal-phase NPLC. These problems can be overcome via hydrophilic interaction (HILIC) mode [1] , which utilizes polar stationary phases common in NPLC in combination with aqueous-organic mobile phases, typical to RPLC. Molecules of water from the aqueous-organic mobile phase are attracted and consequently adsorbed onto the surface of the polar stationary phase to form a diffuse water-rich layer. The retention of polar compounds in HILIC systems is caused by the combined effect of partition into the diffuse water-rich layer, adsorption on the surface and ionexchange interactions with charge bearing functional groups, which obviously contribute to the retention of ionic compounds. Hence, the resulting HILIC mechanism may be quite complex, however the common feature of HILIC separations is that, like in adsorption NP chromatography, the retention increases with sample polarity and decreases with the increasing content of more polar solvent in the mobile phase -in this case water [2] .
Temperature also has a strong effect on the retention mechanism especially in case of weak acids or bases, where the ionization equilibrium is temperature dependent [3] . This has been reported frequently in the literature, yet its potential role in the method development is still underexploited. The relationship between retention factor, k, and thermodynamic temperature, T (in Kelvin), is described by van't Hoff equation [4] (Eq. 1.):
In such a case, the dependence of ln k on 1/T plots is expected to be linear. The parameter B i is proportional to the standard partial molar enthalpy of transfer of the solute i from the mobile phase to the stationary phase, -ΔH 0 and the parameter A i involves the standard partial molar entropy of the transfer of the solute from the mobile phase to the stationary phase, ΔS 0 , and the phase ratio (the ratio of the volumes of the stationary, V S , and of the mobile, V M ) in the chromatographic system. The V M is not identical to the column hold-up volume, necessary for the calculation of the retention factor, k. R is the gas constant and T is the thermodynamic temperature (in Kelvins) [5−7] . By plotting ln k versus 1/T over a sufficiently broad temperature range, the enthalpic and the entropic contributions to retention and selectivity, -H 0 from the slope and S 0 from the intercept of the plot, may be calculated. Van't Hoff plots can provide the information on whether or not the retention mechanisms change over the studied temperature range [8−11] . The calculation of the entropic contribution to the retention from the intercept, A i , of Eq. (1) requires the numerical value of the phase ratio in the column to be known, which seems to be a serious problem because of the impossibility to determine correctly the boundary between the region occupied by the stationary and the mobile phase in the column, without adopting some convention [12] . The determination of the volume of the stationary phase, V S , is even a more complicated problem. Fortunately, it can be smartly resolved by using Eq. (2), where ε T is the total column porosity which can be easily calculated from Eq. (3) [13] . Here, V M corresponds to the column hold-up volume and V C is assigned to inner volume of the empty column [14] .
MATERIALS AND METHODS

Equipment
All the experiments were measured on Hewlett Packard 1090 (Palo Alto, CA, USA) with a binary gradient pump, a thermostated column compartment and an autosampler.
Instrumentation was also equipped with an UV diode array detector. The system was controlled by HPchem software programme.
Materials and reagents
The characteristics of the Cogent hydrosilated silica gel columns (all from MicroSolv, Eatontown, NJ, USA), are listed in Table 1 .
The standards of phenolic acids were purchased from Sigma Aldrich in the best available purity; the structures are shown in Fig. 1 . Acetonitrile (LiChrosolv grade), amonium acetate and formic acid (both reagent grade) were obtained from Merck, Darmstadt, Germany. Water was purified using a Milli-Q water purification system (Millipore, Bedford, MA, USA).
Water for preparation of mobile phase was purified using a Milli-Q water purification system (Millipore, Bedford, MA, USA). ACN, LiChrosolv was obtained from Merck. All phenolic acids were purchased from Sigma-Aldrich in excellent purity. The phenolic acids are properly described in Fig. 1 .
Method
The mobile phases were prepared by mixing the appropriate volumes of 10 mmol/L solution of CH 3 COONH 4 in water (with pH adjusted to 3.26 by addition of a few drops of HCOOH) with 10 mmol/L solution of CH 3 COONH 4 in acetonitrile. The stock solutions of phenolic acid standards were prepared in 95% aqueous acetonitrile and working solutions were obtained by the appropriate dilution of the stock solutions in the mobile phase. The column holdup volume, VM, was determined as the elution volume of toluene in the HILIC mode (VM, T) and of uracil in the RP mode (VM, U) as the non-retained markers. Before each new series of experiments, the columns were equilibrated by flushing with 20 column hold-up volumes of the fresh mobile phase and the separation temperature was adjusted. The retention times, tR, were measured over the full composition range of the mobile phases containing 10 mmol/L ammonium acetate in aqueous acetonitrile. The measurements were repeated in triplicate and arithmetic means of the experimental retention times, tR, and the appropriate column hold-up time, tM, T, or tM, U, were 
RESULTS AND DISCUSSION
Influence of temeperature on HILIC separation process
The retention of phenolic acids in the temperature range from 35 °C up to the column stability limits (60 °C for the Diamond hydride column, 80 °C for the C18 bidentate column and 100 °C for the UDC cholesterol and Silica hydride columns) was investigated in buffered ACN-water mobile phases. If a single retention mechanism controls the retention over a broad temperature range, the influence of temperature, on the retention factor, k, can be described by van't Hoff equation (Eq. 1). Tables 2 and 3 show the results of the regression of the experimental retention-temperature dependences for the analyte tested in the HILIC mode: the best-fit value of the intercepts, A i , the slopes, B i , and the correlation coefficients, R 2 . The linear dependence of ln k on 1/T under HILIC conditions on all columns tested was observed for all the phenolic acids, shown in Fig. 2 .
Best-fit parameters of intercepts, A i , and slopes, B i , for each phenolic acid standard were determined, thus it enabled the calculation of the standard partial molar entropy of the transfer of the solute from the mobile phase to the stationary phase, ΔS 0 , and the standard partial molar enthalpy of transfer of the solute i from the mobile phase to the stationary phase, ΔH 0 . Another acknowledged fact is that the utilization of higher temperatures during the chromatographic process may decrease the peak widths and might also affect the selectivity. It was even observed that in some cases the temperature can influence the separation process in such a measure that some compounds change their elution order which has already been shown in chromatograms (Fig. 3) where peaks 7 and 8 on the Diamond hydride column coelute at 55 °C, but are separated at 40 °C and partially separated but with the reversed order at 60 °C. Increasing the temperature decrease time of the retention, however keeping it higher than 60 °C, it causes loss of the resolution and the selectivity. Influence of temperature on separation process in the reversed-phase mode The effect of temperature on retention of the phenolic acids was also investigated in the reversed-phase mode on UDC cholesterol and C 18 bidentate columns. The implementation of van't Hoff equation (Eq. 1) was realized and the linear dependence of ln k on 1/T was observed which was also proved in the HILIC mode. Table 4 contains the results of the regression of the experimental retention-temperature dependences for the compounds tested in the RP mode: the best-fit value of the intercepts, A i , the slopes, B i , the correlation coefficients, R 2 as well as the standard partial molar entropy of the transfer of the solute from the mobile phase to the stationary phase, ΔS 0 , the standard partial molar enthalpy of the transfer of the solute i from the mobile phase to the stationary phase, ΔH 0 . Although, the increase of temperature decreased the retention there were no changes in resolution of sample compounds, described in the chromatograms in Fig. 4 .
The usage of higher temperatures in the RP mode is markedly better in comparison to the HILIC mode; indeed, the change of elution order was not observed. The values of enthalpic, B i , and entropic, A i , contributions are almost comparable. 
CONCLUSIONS
The log k of phenolic acids embodies the linear decrease with increasing temperature, in agreement with the van't Hoff model, both in the RP and in the HILIC mode. On the Silica hydride and Diamond hydride columns, the enthalpic contributions to the retention are higher than the entropic contributions in the HILIC mode, but the differences are significantly lower on the C18 bidentate and UDC cholesterol columns, where they are almost comparable at high temperatures, and the entropic effects even may predominate over the enthalpic ones for weakly retained phenolic acids with two or more phenolic -OH groups in the RP mode, or with salicylic and p-coumaric acids in the HILIC mode. From all the columns tested, the UDC cholesterol column fits the best for the dual mode HILIC and RP separations of phenolic acids. Its high thermal stability up to 100 °C is undoubtedly an important advantage in comparison to less stable columns based on the silica B type. The presented results demonstrate the importance of temperature as a complementary tool to the mobile phase composition for the control and optimization of separation on the unmodified and modified hydrosilated silica (type C) columns, showing a dual HILIC / RP retention mechanism.
